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ABSTRACT. The three-dimensional solution structure of PAFP-S, an antifungal peptide extracted from the
seeds oPhytolacca americanavas determined usirigd NMR spectroscopy. This cationic peptide contains

38 amino acid residues. Its structure was determined from 302 distance restraints and 36 dihedral restraints
derived from NOEs and coupling constants. The peptide has six cysteines involved in three disulfide
bonds. The previously unassigned parings have now been determined from NMR data. The solution structure
of PAFP-S is presented as a set of 20 structures using ab initio dynamic simulated annealing, with an
average RMS deviation of 1.68 A for the backbone heavy atoms and 2.19 A for all heavy atoms,
respectively. For the well-defined triple-strandedheet involving residues-8L0, 23-27, and 3236,

the corresponding values were 0.39 and 1.25 A. The global fold involves a cystine-knotted three-stranded
antiparallels-sheet (residues-810, 23-27, 32-36), a flexible loop (residues #419), and four3-reverse

turns (residues48, 11-14, 19-22, 28-32). This structure features all the characteristics of the knottin
fold. It is the first structural model of an antifungal peptide that adopts a knottin-type structure. PAFP-S
has an extended hydrophobic surface comprised of residues Tyr23, Phe25, lle27, Tyr32, and Val34. The
side chains of these residues are well-defined in the NMR structure. Several hydrophilic and positively
charged residues (Arg9, Arg38, and Lys36) surround the hydrophobic surface, giving PAFP-S an
amphiphilic character which would be the main structural basis of its biological function.

It is well-known that plants have evolved highly effective molecular mechanisms. To date, a series of 3D structures
defense mechanisms to restrict the growth of microorganismsfor thionins (L4—16), plant defensins1(7, 18, and hevein-
inside their tissues. A wide array of antimicrobial peptides like peptides {9, 20 have been reported. Even though two
or proteins, produced either in a constitutional or in an highly homologous antifungal peptides, Mj-AMP1 and Mj-
inducible manner, are believed to be involved in such AMP2, from Marbles jalapa L.have shown a knottin-like
mechanisms (see reviews in réfand2). So far, many plant  cysteine motif {3) in their sequences, so far no three-
peptides or proteins with antimicrobial activities in vitro have dimensional structure of an antifungal peptide that adopts
been identified including chitinases3)( chitin binding  the knottin fold has been determined experimentally.
proteins and hevein-like peptide$<6), 5-1,3-glucanaser],
thionins @), permatins 9), PR-1-type proteins1Q), lipid-
transfer proteinsl(l), plant defensinsl@), and knottin-like
peptides 13). Among others, thionins, plant defensins, and
hevein-like and knottin-like peptides are all small {2
amino acids), highly basic [p> 10), and cysteine-rich

Recently we isolated and cloned a new antifungal peptide
from the seeds ofPhytolacca americana(Pokeweed),
designated PAFP-S,which consists of 38 amino acid
residues with 3 disulfide bridge21). PAFP-S exhibits a
broad spectrum of antifungal activity. Besides the strong

peptides, but they are highly divergent in their Sequencesactivities for certain saprophyt_ic fungi, it also inhibit; some
and exhibit quite different antimicrobial activities. The mode plant pathogens such dfusarium oxysporumFusarium

of action for these peptides is still much debated: therefore, 9raminearum Alternaria tenuis and Pyricularia oryzae
it is essential to provide the three-dimensional structure of PAFP-S has no inhibitory activity towaiischerichia coli

the respective antimicrobial peptides for understanding the The sequence analysis suggested that PAFP-S belongs to the
knottin-type antimicrobial peptide(). In the present paper,

t This work was supported by the National Natural Science Founda- We report the three-dimensional solution structure of PAFP-S
tion of China (Grant 30070162) and the State Basic Research Programdetermined by 20H NMR. It is the first structural model

of China (G19990756). SO - . . .
*The ensemble of 20 NMR models and NMR-derived restraints have of the knottin-like antimicrobial peptides. The functional

been deposited under PDB accession code 1dkctiseemical shifts implications of the structure will also be discussed.
for PAFP-S have been deposited in the BioMagResBank (http:/
www.bmrb.wisc.edu) under BMRB accession number 4615.
* Corresponding author. Phonet86-10-64888547; Fax:186-10- 1 Abbreviations: PAFP-S, antifungal peptide from seed®lojto-
64871293; E-mail: dcwang@sun5.ibp.ac.cn. lacca americanaPokeweed antifungal peptide from seeds); COSY,
§ Laboratory of Molecular Biophysics, Institute of Biophysics, CAS. correlated spectroscopy; DQF-COSY, double-quantum-filtered cor-
''National Laboratory of Biomacromolecules, Institute of Biophysics, related spectroscopy; NMR, nuclear magnetic resonance; NOE, nuclear
CAS. Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy;
U Kunming Institute of Botany, CAS. TOCSY, total correlation spectroscopy; RMS, root-mean-square.
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MATERIALS AND METHODS

NMR Sample Preparatio®®AFP-S was isolated from the
seeds oPhytolacca americanand sequenced as described
previously @1). Peptide purity £95%) was confirmed by
SMART Mini-S chromatography and mass spectroscopy.
The NMR samples were prepared by dissolving 8 mg of
PAFP-S in 0.5 mL of solvent consisting of 0.2 mM DSS,
pH (or pD) 3.5. For experiments #H,0, the sample was
repeatedly dissolved in 99.8%1,0 and lyophilized with
the final sample dissolved in 99.996%4,0. For experiments
in H,O, the sample was dissolved in 90%®110% 2H,0.

NMR Spectroscopyrroton NMR spectra were collected
on a Bruker DMX 600 spectrometer at 300 or 310 K. The

monomeric state of the peptide was checked by recording a
2D TOCSY spectrum at a PAFP-S concentration of either 1

or 4 mM. No significant frequency shift was observed
between the two samples. COSY, DQF-COSY, E.COSY,
TOCSY, and NOESY experiments were performed in the
phase-sensitive mode with different spin-lock and mixing
times. Typically, the 2BH NMR experiments were recorded
over a period of 2640 h, acquiring 384 or 512 tl1

increments, with 128 scans per increment and 4096 data
points per scan. The spectra were acquired with a spectral

width of 7183.908 Hz in the F1 and F2 dimensions. Data

processing was performed on a SGI Onyx2 workstation using

FELIX software version 97 (Biosym Technologies, San
Diego, 1997). The original data were zero-filled to 1024
complex points in F1, and a sinebell-squared window
function with ax/2 (0 for COSY) phase shift was applied

prior to Fourier transformation. Baseline correction was
performed in the F2 dimension using the standard FLATT
macro of FELIX.

Structure Calculations.3Jy, coupling constants were
obtained from the DQF-COSY. The dihedral torsion angle
¢ was restrained te-65 + 25° for 3Jy, less than 6 Hz and
to —120 & 30° for 3Jy, greater than 8 Hz. For residues
without well-resolved coupling constants and dihedral re-
straints ¢ was constrained betweer85° and—175°, which
includes all sterically possible values for non-Gly residues.

Gao et al.

Table 1: NOE Connectivities Defining Disulfide Pairings

disulfide bridge interresidue NOE connectivity
Cys3-Cys20 HN lle 4-HN Cys20
Cys10-Cys24 HA Cys16-HB1 Cys24
Cys19-Cys35 HB1 Cys19HA Cys35

HB2 Cys19-HA Cys35

HA Cys19-HB1 Cys35

HB1 Cys19-HB2 Cys35

HB2 Cys19-HB1 Cys35

Structural calculations were performed with XPLOR
version 3.851 using the simulated annealing proto2d) (
in three stages. Initially, a fully extended starting structure
was generated. In the first stage, 100 structures were
generated for each interactive cycle during the assignment
of ambiguous NOEs and for satisfying distance restraints
for partial overlapping NOE cross-peaks. The starting
structure was subjected to 18 000 steps of molecular dynam-
ics at 1000 K, followed by 9000 cooling steps to 300 K.
Finally, 1000 steps of Powell energy minimization were
performed. At all times, the structure was subjected only to
backbone torsion angleg)and direct NOE-based distance
restraints. No disulfide or hydrogen bond restraints were
applied. In the second stage, the structures were analyzed
using the PROCHECK progrank®) to determine more
structural information: stereospecific assignments were
obtained, and 12 slowly exchanging amide protons gave
additional hydrogen bond restraints, namely, a 3.5 A restraint
between the amide nitrogen and carbonyl oxygen and a 2.5
A restraint between the amide hydrogen and carbonyl
oxygen. The new structural information was applied in the
simulated annealing refinement. The disulfide bonds re-
mained intact during this calculation. All 100 structures were
passed through the refinement, which consisted of 12 000
cooling steps from 1500 to 100 K followed by 20 000 steps
of Powell energy minimization. In the final stage of
calculations, 20 structures were selected which had no NOE
violations greater than 0.3 A, had no dihedral angle violations
larger than 3, and had overall low energies as obtained from
the XPLOR calculations.

Stereospecific resonance assignments were determined foRESULTS

the Hy methylene protons of 12 residues using established

methods 22). ¥* angles were constrained to 8030°, 180
+ 30°, and—60 + 30°, respectively.

Distance restraints were obtained from the 2D NOESY
spectra with a mixing time of 300 ms in,8 or 250 ms in
2H,0. The build-up curves for PAFP-S (300 K, 1 mM, pH

Sequential Assignment and Disulfide Pairingihe com-
plete sequence-specific assignment of'th&lMR resonance
of PAFP-S was obtained using the standard methods
established by Whhrich and co-workers2g). The proton
chemical shifts are presented as Supporting Information.
The three-dimensional structure of PAFP-S is stabilized

3.5, 90% HO/10% D,O) showed that the correlation remains by three disulfide bridges. In the absence of chemical
linear until the mixing time reaches 300 ms, which indicated characterization, these covalent links were determined from
the appropriateness of the mixing time used in the experi- NMR data. The distance between thgpiotons of one Cys
ment. In addition, conservative upper-bound distances of 2.7,residue and the }dproton of the second one engaged in the
3.5, and 5.0 A were used throughout the structure calculationsame disulfide bridge is in a range in which NOEs can be
to minimize the artifacts caused by spin diffusion. All NOEs theoretically detected. Nevertheless, local dynamics or the
were divided into three main classes, corresponding to themutual overlap between thesHesonances of cystinyl and
following criteria: strong NOEs, 1.8 A d < 2.7 A; medium other residues can strongly hamper the detection of these
NOEs, 1.8 A< d < 3.5 A; and weak NOEs, 1.8 & d < NOEs. Several intercystinyl NOE connectivities allowed us
5.0 A. Pseudoatom corrections were applied to the upperto unambiguously identify two disulfide bridges: Cys10
limits of degenerate or unassigned methylene, methyl, or Cys24 and Cys19Cys35 (Table 1). The third bridge (Cys3
aromatic ring groups2@). In addition, 0.5 A was added to  Cys20) was deduced indirectly via long-range connectivities
all short- and medium-range restraints involving methyl between residues Cys20 and lle4. The proposed disulfide
groups. pairings, Cys3-Cys20, Cys16-Cys24, and Cys19Cys35,
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Ficure 1: (A) Overview of the structural data for PAFP-S obtained from the NMR data. Sequential NOEs are categorized in distance

rangesd < 2.70 A (thick bars), 2.70 A< d < 3.50 A (thin bars), an

d > 3.50 A (lines). Amide HH exchange rate<3, fast;O, <6 h;

®, >6 h; @, >48 h) and coupling constantsl(J < 6 Hz; *, 6 Hz < J < 8 Hz; W, >8 Hz). (B) Schematic representation of the antiparallel
pB-sheet structure of PAFP-S deduced from analysis of the NMR data. The observed interstrand NOE connectivities between backbone NH
and GxH protons are indicated by arrows. The observed slowly exchanging amide pre#@ds) are circled. The hydrogen bonds deduced

from the NOE patterns and slowly exchanging amide protons are shown as dashed lines.

are fully compatible with the disulfide bond pattern found solution. So, we conclude that PAFP-S adopts a knot-like

for a group of peptides collectively termed “knottin&7j.
Secondary StructureThe delineation of the regular

fold characterized by a compact three-stranded antiparallel
p-sheet and a long loop connecting the first to the second

secondary structure of PAFP-S from NMR data is based on $-strand (see Figures 2 and 3). This fairly rigid conformation,

the characteristic set of interstraaéi—NH;, NH;—aH;, and
oHi—aH; NOE contacts 2y, coupling constants, slowly
exchanging amide protons, and low-field-shifteddhemical
shifts 28) as shown in Figure 1A. This is particularly evident
from the interstrandxH;—NH; (GIn26—Val34), NH—NH,;
(Gly8—Cys35, Cys16-Gly33, lle27—Tyr32), and NH—aH,
(Cys10-Val34, Phe25Cys35, lle27Gly33) NOE contacts
as well as the well-characterized low-field-shiftegl ¢hemi-
cal shifts (relative to the random coil values) and latdg
coupling constants. The antiparallel nature of the sheet i
revealed by the typical interstramdd;—NH; (Arg9—Val34,
Asn11-Tyr32, Cys24-Cys35, GIn26-Gly33) NOEs (Figure

constrained by three disulfide bridges, ensures the excellent
thermostability of PAFP-S.

The presence of several medium-range NOEs in the
remainder of the structure suggests that it consists mainly
of loops and turns. A total of 302 distance restraints [124
intraresidual, 86 sequential, 23 medium range-(j| < 5),
and 69 long range] were extracted from the NOESY spectra.
Their distribution over the sequence is shown as Supporting
Information. Since there was no severe peak overlap and

sthe dispersion of the proton resonances was fairly good,
nearly 95% of peaks with reliable intensity were unambigu-
ously assigned. The small number of NOEs used for the

1B). As expected, most of the backbone amide protons within structure calculation is mainly due to the intrinsic flexibility

these strands exchange very slowly isgCDwhile those lying
outside individual 8-strands exchange rapidly. The fast

of many residues in this peptide. Among 38 residues, 19
residues lack long-range NOE and most have less than 4

exchanging NH protons and the lack of NOEs suggest that NOEs per residue. There is an average of 18 NOEs per
several NH-terminal and COOH-terminal residues, and residue, if these flexible residues are excluded (see Figure 2
residues from Asnl1l to Tyrl8, are mobile and disordered in in Supporting Information). NOE restraints, augmented by
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Table 2: Structural Statistics of the 20 Best Structures of PAFP-S by positi\{ely chgrged side chains including the most
conservative residues Arg9, Lys36, and Arg38. These

mean rms deviations from exptl restraints

distance () 0.03418 0.00171 cat!on|c sites are spatially adjacent to the hydro_phob|c
dihedrals (deg) 0.281% 0.12510 residues. Together they constitute an amphipathic face
mean rms deviations from idealized geometry (Figure 3). This is the most attractive structural feature of
bond distances (A) 0.0024% 0.00011 the PAFP-S molecule.
angles (deg) 0.55498 0.01431
impropers (deg) 0.3678k 0.00666
pairwise atomic rms differences (A) DISCUSSION
all residues . . . .
backbone atoms 1.68 0.48 Structural Relationship with Other Protein$en years
all heavy atoms 2.190.41 ago, Le Nguyen et al2() first recognized a unique three-
secondary structure dimensional fold which featured a cysteine-knotted triple-
backhone atoms 0.380.11 strandedp-sheet. Based on this “knot-like” feature, they
all heavy atoms 1.250.29

introduced the term “knottins” for this molecular scaffold.

stereospecific assignments, torsion restraints, and hydrogeryv e now know that the knottins are a group of structurally

bond restraints, engender confidence in the quality of our related small proteins, typically less than 40 residues in

structure ' length. Knottins bind to a diverse range of molecular targets

) . o to perform distinct functional activities but share a common
Structural StatisticsThe distribution in the Ramachandran e . .

. . . scaffold comprising a small triple-stranded antiparallel
plot of all residues (except the terminal residues and Pro) Ofﬁ-sheet and disulfide bond framework with a COnSensus
the best 20 structures obtained by simulated annealingSe uence (€-C--CC--C~-C) and pairing pattern (24
indicates the overall quality: 64.3% of the residues are in q . d painng p f Knotti T h
the most favored regions, 33.6% in additional allowed 2._5’ 3_6). (sge Flgurg 4). To date, a series of knottins wit
regions, and 2.1% in generously allowed regions. Table 2 h!gh_speuﬁcny to their ta+rget molecgle;, SUCh. as cellulose
lists the structural statistics for the set of structures. All g'r?éjlgidoénaé,;'\egﬁ:r?r’]g b?r?;zne{:;?nd%? t?rxmgﬁ)’;\:]— d
structures are in excellent agreement with the experimental | ype hibi 9 » TYPS :
data and are fully compatible with the standard covalent a-amylase inhibitor4), and sweet taste suppressing peptide

geometry since the RMS deviation values from the ideal (35).’ have beer_1 reported._ I-_|owever, no knottin structure that
geometry are very low (Table 2) exhibits an antifungal activity has previously been reported.

Global Fold The set of 20 structures representing the Detgiled_ inspection shows 'Fhat the structure of PAFP-S
solution structure of PAFP-S is shown in Figure 2. It _de_scrlbed in thls_paper (see Figure 3) f_eatures all character-
indicates the overall quality of the structure, and gives an 'Stics of the knottin fold. Thus, PAFP-S is a new member of
impression of its main features. The RMS deviation values the knottin protein group, which represents a novel binding
for backbone atoms and all heavy atoms are 1.68 and 2 1 gspecificity of. the knott_m fold. The knottm scaffold appears
A, respectively (see Table 2). The main structural element to. be a promising a}r_chltecture for the design of small proteins
in PAFP-S is an antiparallgB-sheet composed of three Wlth_dlverse activities 31, 35). T_he structure of PAFP-S
strands: Gly8-Cys10, Tyr23-lle27, and Tyr32Lys36  Provides a new model of the mimetics.

(Figure 3A). This part of the structure is well-defined, and  In fact, the PAFP-S structure is the first antifungal peptide
pairwise RMS deviation values are very low (0.390.11 that adopts the knottin fold reported so far. Only two other
A for the backbone atoms and 1.250.29 A for all non-  antifungal peptides, Mj-AMP1 and Mj-AMP2, were reported
hydrogen heavy atoms). All hydrogen bonds expected to to have the knottin-like cysteine motif. These two highly
occur in the -sheet are well represented over the 20 homologous peptides were purified from the seeds of
structures (100% persistent) and are all supported by the slowMirabilis jalapa L. and comprise 36 and 37 residues,
H/?H exchange rates. Fofirreverse turns are found accord- respectively {3, 37. They also have 57% sequence homol-
ing to the notation of EfimovZ9), including residues 48 ogy to PAFP-S and share the same cysteine framework with
(Baya f), 11-14 Bayp), 19-22 (Bayp), and 28-32 PAFP-S (Figure 4). Thus, we predict that Mj-AMPs will
(Bayo p) (Figure 3A). The relative low backbone RMS adopt the knottin fold, similar to that of PAFP-S.

deviation values of these turns indicate that their local  Structure-Activity Relationship.Compared with other
conformation is well-defined, especially for turns 3 and 4. plant antimicrobial peptides such as thionins and plant
In contrast to the above structured regions, the N-terminal defensins, the knottin-like antimicrobial peptide has been
segment and a long loop from Alal4 to Cys19 are poorly investigated less intensively. The feature of the PAFP-S
defined, corresponding to the lack of long-range NOEs for structure presented in this paper has given a certain insight
these residues. into the structurefunction relationship. As described above,

Amphipathic SurfaceMany hydrophobic residues of the tertiary structure of PAFP-S has some obvious charac-
PAFP-S are clustered on one side of flisheet, especially  teristics. First, all aromatic residues (Tyr23, Phe25, Tyr32),
residues Tyr23, Phe25, lle27, Tyr32, and Val34. Their side except Tyrl8, are gathered onto one face of the molecule in
chains locate on the same sidef$trands S2 and S3, and close proximity to residues lle27 and Val34 to form a
they are well-defined in the NMR structure because a lot of hydrophobic surface (see Figure 3). Second, all three
the NOE cross-peaks are observed among them. These bulkpositively charged residues of the molecule, Arg9, Lys36,
hydrophobic residues rich in aromatic groups are close and Arg38, are also distributed on the same exterior surface
enough to each other to form a large hydrophobic surface that surrounds the above hydrophobic area to create a cationic
on the exterior of the molecule (Figure 3B). Around this hydrophilic zone. These two parts combine with each other
hydrophobic surface, there are several cationic sites formedto constitute an amphiphilic face on the PAFP-S exterior
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Ficure 2: Ensemble of 20 structures of PAFP-S. The program MOLMOL was used to calculate a superposition of the backbone atoms of
residues 810, 23-27, and 32-36.

(A) (B)

turn 4

Clo-C24

CI9-C35

C C-term

Ficure 3: General structure of PAFP-S. (A) Ribbon plot of the backbone structure of PAFP-S. The representative model 1 is drawn with
[-strands in green and disulfide bonds in gray. (B) Space-filling model of PAFP-S (representative model 1) showing an amphipathic face
formed by a hydrophobic surface (yellow) and a hydrophilic zone (green) consisting of residues Tyr23, Phe25, lle27, Tyr32, and Val34 as
well as Arg9, Lys36, and Arg38, respectively, which may be involved in the action of PAFP-S with the target membrane.

(Figure 3B). The knottin-type peptide usually uses different comparison (Figure 4) showed that the residues comprising
faces of the molecular scaffold for interaction with different the hydrophobic surface, i.e., Tyr23, Phe25, lle27, Tyr32,
targets 81, 38-40). Based on the fact that all antimicrobial and Val34, are variable between PAFP-S and Mj-AMPs.
peptides studied so far have amphiphilic surfaces, which areConsidering that PAFP-S and Mj-AMPs exhibit distinct
well-suited for membrane binding {), we hypothesize that  antifungal selectivity against different species of fungi
this amphiphilic face is the main functional site of PAFP-S  (21) we hypothesize that the hydrophobic residues correlate
and it interacts with biomembranes. with the specificity of PAFP-S to the fungal cell.

The three charged residues of PAFP-S, Arg9, Lys36, and
Arg38, are highly conserved among the knottin-type anti- SUPPORTING INFORMATION AVAILABLE
fungal peptides (see Figure 4). In a bioassay for the antifungal
peptide Mj-AMPs, the presence of €aand K" reduced the Included are the proton chemical shifts in®isolution, a
antifungal activity about 10 timed.8). These data indicate  part of TOCSY and NOESY spectra, NOE distance restraints
that the charged residues may play an essential role inper residue, and the Ramachandran plot. This material is
bioactivity of this kind of antifungal peptide. The sequence available free of charge via the Internet at http:/pubs.acs.org.
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PAFP-s:  AGCI NGGRCN s cppYCCSs CFQIAG@ WK R
M3j-AMP1: CI NGGRCNEN GPPY(?QG+CLRQPGQGY YICKNR
o+ |+

Mj-AMP2: o NGGRCNJEN GPPYCCSG CLRQPN GQ\@RNR
lcbh TQS—HYGqﬁGG—IGYSGPTX/‘CASGT———TCQVL—NPYYSQ L
pafp AG‘E‘IK—NGGN‘ NASAG4-PPYC~A—QSS—YCFQIAGQSYGVEKNR
lgur pQQCVKKD—EH ‘—IP————YYLD‘Ci———iC!EPLECKKVNWW—DHK%IG
lcco CKS-XGS G‘SXTS ————— yN‘c———‘c——Rsm————xyTKpr
2eti G}CP CKQ D---—- SMCLAGC———Vj:;———PN GF‘FG
lomb NHIAEDYG TWGG~———— TK‘C‘*~~‘C“RGRP SMIGTNE&‘.LTPRLIMEGLSFA

I (A

\

Ficure 4: Sequence comparison of some knottin peptides. All

sequences have been aligned by forcing the matching of cysteine

residues which paired with the same pattern-e#412—5, and 3-6.
The first three, PAFP-32(), Mj-AMP1, and Mj-AMP2 (L3), are

antifungal peptides in which those residues identical to each other
are boxed; others are as follows: 1cbh, the cellulose binding domain

from T. reset(30); 1qur, the sweet taste suppressing peptide from
the leaves oGymnema syestre(35); 1cco, thaw-conotoxin GVIA
from the cone sni€onus gengraphicu@3); 2eti, the squash trypsin
inhibitor EETI-1l from the seeds dEcballium elarium(27); lomb,

the spider toxin OMEGA-AGA-IVB 42). Except for Mj-AMPs,

all peptides listed here have their 3D structural model in which the
residues involved i-strands are marked with boldface characters.
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